ABSTRACT: Quantitative experimental studies of the thermodynamics with which biopolymers interact with specific surfaces remain quite limited. In response, here we describe experimental and theoretical studies of the change in folding free energy that occurs when a simple biopolymer, a DNA stem-loop, is site-specifically attached to a range of chemically distinct surfaces generated via self-assembled monolayer formation on a gold electrode. Not surprisingly, the extent to which surface attachment alters the biopolymer's folding free energy depends strongly on the charge of the surface, with increasingly negatively charged surfaces leading to increased destabilization. A simple model that considers only the excluded volume and electrostatic repulsion generated by the surface and models the ionic environment above the surface as a continuum quantitatively recovers the observed free energy change associated with attachment to weakly charged negative surfaces. For more strongly charged negative surfaces a model taking into account the discrete size of the involved ions is required. Our studies thus highlight the important role that electrostatics can play in the physics of surface−biomolecule interactions.
■ INTRODUCTION
Theoretical studies suggest that biopolymers interact with surfaces via a variety of mechanisms, with often-profound consequences for their folding and function. Attachment to a completely inert surface, for example, should stabilize the folded state by reducing the entropy of the unfolded state. 1 Attachment to a chargedbut otherwise inertsurface destabilizes the folded state through either electrostatic repulsion, 2 which preferentially stabilizes the more expanded unfolded state, or electrostatic attraction, which promotes unfolding and subsequent electrostatic adsorption. 3 Finally, attachment to chemically reactive surfaces can alter the folding free energy of a tethered biopolymer via specific interactions which are more easily satisfied by either the folded or unfolded state, leading to stabilization or destabilization, respectively. 4 Motivated by the above predictions, we have developed 5 an electrochemical method for measuring the extent to which surface interactions alter biomolecular folding free energies ( Figure 1 ). The approach utilizes a biomolecule modified at one end with a methylene blue "redox reporter" and tethered by the other end to a self-assembled monolayer deposited onto a gold surface. The folded biomolecule holds the reporter at a fixed distance from the surface. Chemical denaturation (unfolding) of the biomolecule relaxes this constraint, changing the rate of electron transfer. Following this, via square-wave voltammetry as we titrate the biomolecule with urea we can then determine its folding free energy using the well-established linear relationship between denaturant concentration and stability. 6, 7 Finally, comparison of this with the stability of the molecule in solution (determined via optically monitored urea denaturation) informs on the free energy of interaction with the surface.
Using the above approach, we have previously explored the thermodynamic consequences of site-specifically attaching a DNA stem loop to a hydroxyl-terminated, six-carbon (C6OH) thiol-on-gold self-assembled monolayer (SAM) held at an applied potential matching the −260 mV (versus Ag/AgCl) redox potential of methylene blue. 5, 8 We selected this model system because (i) DNA folds reversibly on many SAM-coated gold surfaces via a unimolecular two-state folding transition, 9 (ii) DNA is structurally well-characterized in solution, and (iii) DNA is uniformly negatively charged, simplifying modeling of any electrostatic interactions. In our prior studies, 5 we found that, while at high ionic strength the surface-bound molecule is stabilized (relative to in solution), the reverse is true at ionic strengths below ∼130 mM (Figure 2, left) . We believe that this occurs due to competition between excluded volume, which stabilizes the folded conformation by reducing the entropy of the unfolded state (at all ionic strengths), and electrostatic repulsion between the DNA and the negatively charged (at the potential applied in our experiments) surface, which destabilizes (repels) the more compact folded state under low ionic strength conditions. In support, a quantitative model of these effects recapitulates our experimental results. 5 Specifically, by combining existing theories of the conformation of surface-bound polyelectrolytes 10, 11 to model the unfolded state, a nuclear magnetic resonance (NMR)-derived solution structure of the folded state, 12−14 and theoretical estimates of the excluded volume entropy effect, 5, 11, 15 we generated a simple theory of the effects of surface attachment on this biomolecule that quantitatively recovers our experimental observations.
For a complete description of the prior model, see ref 5; in brief it is as follows: We model the change in folding free energy, ΔΔG f , between the biomolecule on the surface and the same molecule free in bulk solution as having two components: ΔΔH EL , the difference between the electrostatic cost of bringing the folded state (ΔH F Sol-Sur ) versus the unfolded state (ΔH U Sol-Sur ) from solution to the surface, and ΔΔS EV , the difference in the entropy of folding of the surface bound molecule and that of the molecule in solution.
We modeled the enthalpy component, which accounts for how each charge moves in the electric field as the stem loop folds, as
where ρ(z) and U(z) are the charge density of the biopolymer and the electrostatic potential, respectively, at height z above the surface. According to the Poisson−Boltzmann equation, the latter is given by 
where λ D is the Debye length, e is the elementary charge, T is the temperature, and ϕ 0 is the potential at the surface of the SAM relative to the potential at which the net surface charge is zero (i.e., relative to the potential of zero charge, pzc). The Figure 1 . (Top) In this study, we have characterized the folding thermodynamics of a stem-loop DNA site-specifically attached via its 5′ end to a variety of monolayer-coated gold surfaces. The distal terminus of the DNA is modified with a methylene blue redox reporter, electron transfer from which reports on its conformation.
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(Bottom Left) Specifically, when the stem is formed the reporter is held close to the surface, increasing electron transfer efficiency. When the stem-loop is unfolded via the addition of urea, electron transfer is reduced. (Bottom Right) The folding free energy of the stem loop can then be determined by fitting the peak current as a function of urea to a standard linear free energy model. 6, 7 The open and closed symbols represent forward (low to high denaturant) and reverse titrations, respectively, performed on a single electrode, and serve to illustrate the reversibility that this system exhibits. Figure 2 . (Left) The folding free energy of a stem-loop site-specifically attached to a C6OH SAM-on-gold surface is more sensitive to ionic strength than that of the same stem-loop in solution. This is because attachment to this negatively charged (at the potential applied in our experiments) surface destabilizes the folded state through electrostatic repulsion. 5 (Right) This scheme serves to illustrate the dimensions of the stem loop relative to the potential field that forms above the surface when a potential is applied. Specifically, shown are the electric fields produced if the surface is at a potential of 50 (red) or 150 mV (blue) (versus the potential of zero charge; pzc) at ionic strengths of 25 (dashed lines) or 250 mM (solid lines). At low surface charge and/or high ionic strength the electric field experienced by the stem-loop is minimal. The left-hand panel was adapted from ref 5. Debye length (for any given ionic strength) and ρ(z) are predicted by theory. 16 Given this, ΔΔH EL is dependent on only a single fitted parameter, the pzc.
■ THE ENTROPIC COMPONENT
Because the folded state is fairly rigid, we assume that the entropic cost of surface attachment arises solely from the restricted conformational freedom of the unfolded state. Prior analytical theory and simulation-based arguments suggests that this loss in entropy goes logarithmically with the number of persistence lengths in the chain (N K ):
where
, and B is 0.5 for a Gaussian chain 11 and 0.44 for a self-avoiding chain. 15 The persistence length for a polyelectrolyte is dependent on ionic strength. In this case, the ionic strength of relevance is that found near the surface, which varies with both the ionic strength of the bulk solution and the surface charge (as ions migrate in response to the electric field), with the latter dependent on the applied potential and the pzc. Because the ionic-strength dependence of the persistence length of single-stranded DNA 17 and the effects of surface charge on surface ionic strength 18 are well established, the entropic contribution can also be estimated from theory as a function of only the pzc.
Despite depending only on a single fitted parameter, the pzc, our model recovers our observed changes in folding free energy (as a function of ionic strength) quite well. 19 Moreover, it produces a best-fit pzc of −206 mV, which is within error of the −210 ± 10 mV previously estimated (using other methods) for the C6OH surface we employed. Together, these observations suggest that, despite its simplicity, our model provides a fairly complete description of the system. In this paper, we expand the experimental testing of this model by measuring the thermodynamic consequences of attaching the same stem-loop DNA to thiol-on-gold monolayers varying greatly in chemistry and surface charge.
■ MATERIALS AND METHODS
The DNA oligonucleotide employed was synthesized by Bio-Search Technologies (Novato, CA) and were purified by anion exchange HPLC followed by reverse phase HPLC. Its sequence was 5′-ACT CTC GAT CGG CGT TTT AGA GAG G-3′. This was modified with a 6-or an 11-carbon thiol on its 5′-terminus (for use with C6 or C11 SAMs, respectively) and methylene blue attached via amide bond formation to a 6-carbon amine on its 3′-terminus. As the gold surface, we employed polycrystalline gold disk electrodes (2 mm diameter; BAS, West Lafayette, IN).
Prior to depositing the DNA and monolayers on our gold surfaces we first electrochemically cleaned them using a series of oxidation and reduction cycling as follows. To prepare the surface we first treated the stem-loop DNA (1 μM) in 20 μM tris (2-carboxyethyl) phosphine hydrochloride before dilution to 50 nM with 180 mM NaCl/20 mM phosphate (pH 7.0) and then incubated the clean gold surface in this solution (5 min, room temperature). The resulting surface was washed with deionized water before being incubated overnight in a solution of the appropriate ω-modified alkanethiol to form the SAM. The relevant solutions were 2 mM 6-mercaptohexanol in water, 40 mM 6-mercaptohexanoic acid in ethanol, 40 mM 11-mercaptoundecanol in ethanol, and 100 mM 6-mercaptohexaneamine in ethanol. These conditions lead to relatively sparse packing of the DNA (the dilute regime), such that neighboring biopolymers do not interact significantly. 8 We determined folding free energies using urea melts generated either with a Hamilton 500C titrator or by manual titrations starting at 10 M urea (in buffer) and titrating in buffer. At each urea concentration the system was allowed to equilibrate for 30 s (with stirring) prior to measurement. The buffer employed was 20 mM sodium phosphate (pH 7.0) with sodium chloride added to bring the solution to the desired sodium ion concentration. Surface measurements were conducted using square wave voltammetry from 0 to −0.5 V with a 25 mV step size and a 4 mV interval at a frequency of either 50 or 60 Hz on either a CHI 630 potentiostat (CH Instruments, Austin, TX) or a PalmSens (PalmSens BV, The Netherlands) in a standard cell with a platinum counter electrode and a Ag/AgCl (saturated with 3 M NaCl) reference electrode.
Prior to use, each electrode was washed with 10 M urea in buffer, washed again with buffer, and then incubated in 10 M urea in buffer for at least 1 h prior to the start of the titration. To determine the folding free energy, a plot of peak current versus urea concentration was fitted to a standard two-state unfolding curve with linear, sloping baselines. 7 After all titrations, all surfaces were returned to 10 M urea to ensure that the unfolding of the surface-bound biomolecule was reversible. The error bars reported for the free energies represent the standard error of the mean of at least three independently measured titrations.
■ RESULTS
We have selected as our model system one of the simplest biomolecules that still undergoes an easily measurable unfolding transition: a 25-base DNA that, due to the presence of self-complementary ends, adopts a stem-loop conformation. We monitored the urea-induced unfolding of this stem-loop when free in bulk solution using circular dichroism spectroscopy. 5 To monitor its urea-induced unfolding when site specifically attached to a surface we covalently linked it to a gold electrode via an alkanethiol attached to its 5′ terminus (as part of a well-formed self-assembled monolayer 20 ) and attached a methylene blue redox "reporter" on its opposite terminus (Figure 1, Top) . The latter provides a ready means of following the unfolding of the stem-loop via square wave voltammetry (Figure 1, Bottom left) . We extracted folding free energies from these data by assuming a linear relationship between free energy and the concentration of the denaturant ΔG = ΔG°′ + m[urea], where ΔG°′ is the folding free energy in the absence of denaturant and m is the denaturant strength. The assumption of linearity is well established for the folding of both proteins and nucleic acids. 7, 21 (For further discussion of the relationship between folding free energy and ionic strength, and how chemical denaturants modulate that relationship, the reader is referred to work by Shelton et al. 7 and Hirs.
21 ) The difference between the folding free energy determined under the two conditions then reports on the extent to which interactions with the surface stabilize or destabilize the biomolecule (Figure 2, left) .
Following our earlier work on the folding free energy of the same stem-loop on a hydroxyl-terminated, six-carbon monolayer, we describe here the thermodynamic consequences of attaching it to other monolayers differing in surface chemistry and/or surface charge. The previously reported pzc of two of these new surfaces, 11-mercapto-1-undecanol (C11OH) and 6-mercaptohexanoic acid (C6OOH), are, respectively, −50 ± 10 mV and −130 ± 50 mV (versus Ag/AgCl). 19,22 These surfaces thus exhibit potentials of −210 ± 10 mV and −130 ± 50 mV when held at the −260 mV (versus Ag/AgCl) redox potential of methylene blue, rendering them more negatively charged than the −50 mV potential the surface we employed in our original studies adopts under these same conditions (Figure 3) . Consistent with this, we find that attachment to the C11OH SAM is more destabilizing than attachment to the C6OOH SAM, which, in turn, is more destabilizing than attachment to the C6OH SAM over all of the ionic strengths we have investigated (Figure 4) . The third new monolayer we explored was 6-mercaptohexylamine SAM, HS(CH 2 ) 6 NH 2 (C 6 NH 2 ), which, due to its positively charged headgroup, is likely positively charged under the conditions employed (while experimental determination of its pzc has not been reported, theoretical predictions 23 indicate that it is below −300 mV). The urea-induced denaturation of the stem loop, however, is not reversible on this surface (Supporting Information Figure  S1 ).
We have previously developed 5 a model to describe the extent to which attachment to the C6OH SAM alters the folding free energy of a stem-loop DNA. Here we find that it also fits our observations regarding the effects of attachment to the more negatively charged C6OOH SAM ( Figure 5 ). The fit of our model to the latter data produces an estimated pzc of −180 mV (versus Ag/AgCl) for this surface, which is experimentally indistinguishable from the previously reported 22 value of −130 ± 50 mV. In contrast, however, our prior model recovers neither the change in folding free energy we observe for the stem loop on a C11OH SAM-coated surface (Figure 3 ) nor the −50 ± 10 mV pzc previously reported for this surface. 19 The origins of this failure are addressed below.
The inability of our first-generation model to recapitulate the behavior of our stem loop on a C11OH SAM may occur due its assumption of a Poisson−Boltzmann distribution of counterions near a charged surface 18 which, in turn, contains an implicit assumption that the counterions can be accurately described as point charges. This "continuum model" holds well when the volume fraction of counterion at the surface is small, i.e., when . Stability of the stem loop is a strong function of the charge on the surface to which it is tethered. Specifically, the stability of the stem-loop decreases (e.g., the urea-melt midpoint shifts to lower denaturant concentrations) as it is attached to increasingly negatively charged surfaces (surfaces of increasingly positive pzc all held at the redox potential of methylene blue). As ionic strength increases, the DNA is stabilized on all surfaces, but the stability differences between the surfaces remains nearly constant. As derived using previously published pzc, 19,22 the potentials the three surfaces adopt when, as is the case here, they are subjected to an applied potential at the redox potential of methylene blue are −50 ± 10 mV, −130 ± 50 mV, and −210 ± 10 mV for C6OH, C6OOH ,and C11OH, respectively (values from refs 19,22,23).
where φ 0 is the volume fraction of free counterions in solution, a is the diameter of a free counterion (including its hydration shell), n 0 is the number density of ions, and ϕ c is the potential on the surface. The continuum model fails, however, when the concentration of counterions near the surface is so great that their nonzero volume limits any further increase in their concentration. This occurs when high surface potentials drive a very high concentration of counterions to the surface and steric repulsion between ions becomes significant. The potential at which this is expected to occur, ϕ c , is given by 
where the various parameters are as defined above. Under the conditions employed here (applied potential at −260 mV versus Ag/AgCl; sodium ion concentrations between 25 and 300 mM), our first-generation model will fail for surfaces for which the pzc is more positive than about −180 mV (versus Ag/AgCl). This explains why the best-fit pzcs we obtain for C6OH and C6OOH surfaces, both of which fall at or below this limit, are within error of previous reports but our model overestimates the pzc of C11OH (Figure 3) . In contrast to the continuum model, an expansion that explicitly considers ionic volume accurately recapitulates the thermodynamic consequences of surface attachment on all of the negatively charged surfaces we have characterized. The approach in this "discrete ion" model, which is similar to the Gouy−Chapman-Stern model of charged surfaces, 24 describes the potential above the charged surface by 
where ε is the permittivity constant, ε 0 is the relative dielectric constant, and the other parameters are as described above. This modification considers interion steric interactions and effectively ensures that the counterion concentration near the surface remains physically reasonable even at relatively high potentials ( Figure 6 ).
While there is no analytical form for this potential, a close approximation is as follows. At sufficiently high surface potential, eq 9 is violated. When this is the case, counterions will pack densely on the surface to compensate for the high charge density. Once the surface charge is sufficiently compensated the potential at the top of the counterion layer satisfies eq 6. That is, the ions above the counterion layer are no longer close-packed, and the point charge approximation of the Gouy−Chapman model is once again valid. This description is similar to the Stern layer, 24 but differs in that it allows for the formation of discrete ionic multilayers. The discrete ion model is indistinguishable from the continuum model at charge densities below that corresponding to the cutoff potential. When the cutoff potential is exceeded, however, the two models diverge significantly ( Figure 5 ). Under these conditions, the discrete ion model fits our experimental observations. Specifically, the model based on eq 10 fits the experimental observations we collected on the more highly charged C11OH surface quantitatively (R 2 = 0.98) without changing any of its other parameters (Figure 4) .
Despite the quality of the fit between the model and experimental data, there is still reason to question its validity in the high-potential regime. The physical picture described here for potentials sufficiently far below the pzc is of a densely packed monolayer of hydrated sodium ions sitting on top of the self-assembled monolayer. While these are treated as discrete objects of finite size, all the other ions in the system are treated as point charges, creating a continuous, differentiable concentration gradient. Likewise, this model ignores the breakdown in the continuum description of the solvent, along with the accompanying breakdown of the continuous model of the dielectric constant. These same criticisms, however, are often applied to the Gouy−Chapman and Gouy−Chapman−Stern models, both of which nevertheless agree well with experiment for a wide range of systems. 18 It has been theorized that the ability of these models to accurately predict experimental results despite these potential problems is Figure 5 . Extent to which surface attachment alters folding free energy depends on both ionic strength and the charge on the surface. The previously described continuum model (solid lines) of these effects 5 accurately predicts the change in folding free energy for the two less highly charged surfaces we have characterized. For the C11OH SAM surface (blue), however, which is estimated to be at a potential of −210 mV under the conditions employed here, 19 the continuum model fails. A more detailed model that considers the discrete volume of ions (discrete ion model) corrects this error and accurately predicts the free energy of the stem-loop on this surface (dashed line). Figure 6 . Continuum (red) and discrete ion (blue) models effectively predict identical counterion migration when the applied potential differs from the potential of zero charge by less than ∼100 mV. They diverge significantly, however, at potentials farther from the pzc, with the continuum model predicting ion concentrations in this regime that are unphysical; i.e., concentrations are impossible to reach because they exceed the close packing limit of real ions.
due to offsetting errors between, for example, the breakdown of the continuum model of the solvent, which leads to underestimating the potential above the surface, and the assumption of immobile hydration shells, which leads to overestimating the potential above the surface. 18 
■ DISCUSSION
Here we have measured the thermodynamic effects of attaching a simple biomolecule to a range of negatively charged surfaces. We find that the extent to which attachment to the two less negatively charged surfaces we have explored is accurately recovered using a simple continuum model that includes only excluded volume entropy effects and repulsive electrostatic enthalpic effects. For a more negatively charged surface, in contrast, the continuum model fails, rendering it necessary to move to a more complex model that takes into account the nonzero size of counterions.
In contrast to our findings on negatively charged surfaces, we find that the refolding of the biomolecule is irreversible on a positively charged surface even at very high (1 M) ionic strength ( Figure S1 ). We present two plausible explanations for this result. First, the SAM may degrade due to successive measurements at potentials that induce a high surface charge density. Previous work has shown that E-DNA systems are less stable when the interrogation potential (the potential of the redox reporter) is far from the pzc of the SAM. 25 The second possibility is that the irreversability of the signal is due to electrostatic adsorption of the negatively charged DNA to the positively charged surface. 26 The latter explanation is consistent with previous theoretical predictions suggesting that electrostatic adsorption may be an important factor in the nonspecific adsorption of proteins to surfaces. 27 Since a zwitterion polymer can adopt a conformation such that all the opposite charges are adjacent to the surface, while like charges are some distance away, it will adhere to a charged surface, regardless of the sign of that charge. Because of this, proteins and other zwitterionic biopolymers are likely to strongly adsorb to charged surfaces if their net charge is near zero. For polymers with a high net charge, in contrast, it may be possible to prevent adsorption by using an appropriately charged surface.
Biopolymers interact with surfaces in many and varied ways, producing a range of complex behaviors. This study, for example, shows that excluded volume effects and, more importantly, surface−polymer electrostatics significantly modify the folding free energy of even a homogeneously charged biopolymer attached to chemically inert surfaces (i.e., DNA does not interact with the surfaces employed here via hydrogen bonding or hydrophobic interactions 28 ). Still greater effects will presumably be seen for mixed charged biopolymers and for biopolymer/surface pairs that interact chemically. 29, 30 Given the simplicityand thus quantitative theoretical tractability of the model system explored here, we believe it may prove a valuable vehicle with which to begin to explore these more complex and still more interesting systems.
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